Genetic instability is a common feature acquired by cancer cells, enabling the development and progression of tumors (23) . Events resulting in chromosomal instability (CIN), such as amplifications and deletions of large segments of DNA, reciprocal and nonreciprocal translocations, aneuploidy, and polyploidy, constitute the large-scale genomic aberrations that characterize the majority of human cancer cells and are thought to accelerate carcinogenesis (37) . The molecular mechanisms underlying CIN remain to be elucidated and are of profound importance for understanding tumorigenesis (45) . Significant effort has been invested in the search for genes that when inactivated result in genome destabilization and subsequent, rapid tumor development. Such genes include those controlling the mitotic checkpoint and sister-chromatid separation (26) . Most of the studies investigating the mechanisms, timing, and relevance of CIN in tumorigenesis have been focused on genetic or epigenetic aspects of CIN. Little is known about environmental factors that may cause and/or promote CIN during tumor development.
Exogenous (environmental) and endogenous (intracellular) oxidative DNA damage is considered to play an important role in cancer etiology (25) . Chronic inflammation involving the release of free radicals by leukocytes, acquired through chemical insults or viral and bacterial infections, is thought to contribute to about one in four cancers worldwide (10) . Strong evidence for a direct and specific role of reactive oxygen species (ROS) in the oncogenic transformation of cells has been provided recently by the finding that the activation of two major oncogenes, the Ras and Myc oncogenes, increases intracellular levels of ROS and induces DNA damage and genomic instability (30, 54) . Cells have evolved several mechanisms for the prevention and repair of oxidative damage. The base excision repair (BER) pathway is responsible for the removal of a large proportion of oxidative DNA damage, although when this pathway is inactivated or its capacity is exceeded, other repair pathways, including nucleotide excision repair (NER), recombinational repair, and translesion synthesis, contribute to the handling of the remaining lesions (14) . The direct prevention of oxidative DNA damage in cells is facilitated by several pathways enabling the scavenging of ROS. Recent studies have suggested an important role for the antioxidative stress protein Tsa1p in preventing large-scale chromosomal rearrangements (24, 44) .
In the present study, we employed the budding yeast Saccharomyces cerevisiae as a model system to address whether exceeding the cellular capacity to remove or otherwise manage the presence of oxidative DNA damage results in an increase in CIN. We addressed this issue based on the findings of our previous studies that demonstrated that cells with severely compromised capacities for BER (ntg1⌬ ntg2⌬ apn1⌬ triple mutants) and NER (rad1⌬ mutants) are able to survive under genotoxic stress from endogenous cellular sources. Despite the fact that Rad1p functions in homologous recombination, it mediates the relatively minor role of removing the heterologies during strand invasion and single-strand annealing (reviewed in reference 52). In addition, the deletion of the TSA1 gene confers a defect in ROS scavenging. A BER-and NER-defective strain (an ntg1⌬ ntg2⌬ apn1⌬ rad1⌬ quadruple mutant) provides a unique tool for delineating the mechanisms of cellular responses to such stress, because the levels of ROS and chronic oxidative DNA damage in this strain are remarkably high, approximately equivalent to a 50% lethal acute-exposure dose (3 mM) of hydrogen peroxide (16) . Such DNA repair-deficient cells, harboring high levels of oxidative DNA damage and elevated levels of ROS, display high mutation and recombination frequencies, as well as other abnormalities, including slow growth and extreme sensitivity to DNA-damaging agents (16, 47) . These findings indicate that if the levels of DNA damage exceed the capacity of the major excision repair pathways (BER and NER) to maintain the integrity of the genome, damage tolerance pathway-mediated events confer a state of genetic instability. For the present study, contour-clamped homogeneous electric field (CHEF) gel analysis of entire chromosomes was utilized to karyotype large-scale chromosomal aberrations in replicative-aging populations of subcultured haploid cells with compromised DNA repair and/or ROS-scavenging capacities. We found that even under nonselective growth conditions, cells harboring chronic oxidative DNA damage exhibited profound karyotypic changes within the genome at unexpectedly high frequencies. For strains possessing high levels of chronic, oxidative DNA damage, we also detected a "gain-of-CIN" phenotype, as well as synergistic increases in the rates of CIN in various assays for the measurement of chromosomal rearrangements, including the assessment of the rates of gross chromosomal rearrangements (GCR), chromosome loss, intrachromosomal recombination, and illegitimate mating. An analysis of the chromosomal rearrangements by comparative genome hybridization (CGH) revealed a locus for a hot spot of amplifications and deletions on chromosome II and indicated that certain genomic locations are likely to be more susceptible than others to rearrangements caused by persistent oxidative DNA damage. These results provide direct evidence that chronic oxidative DNA damage can rapidly overwhelm the abilities of cells to maintain genome integrity and have important implications for genetic instability mechanisms during the development of cancer.
MATERIALS AND METHODS
Genetic analysis and media. Genetic procedures (transformation and tetrad analysis, etc.) cell growth, and selection conditions were as described elsewhere (Saccharomyces Genome Database [SGD]; http://www.yeastgenome.org/). Strains were grown at 30°C. Detailed procedures for the measurement of the rates of legitimate and illegitimate mating and the rates of GCR and chromosome loss in haploids and diploids are provided in the supplemental material.
Strain construction. To avoid the accumulation of mutations in the NERdefective, BER-defective, and NER-and BER-defective haploid strain backgrounds, we constructed a series of diploid strains heterozygous for mutations in NER and/or BER genes and the TSA1 gene. These strains were constructed by a series of consecutive transformations of the diploid strain JFS989 (a gift from Dmitry Gordenin, National Institute of Environmental Health Sciences, Research Triangle Park, NC) in which the genes of interest were disrupted with the PCR fragments containing genes for antibiotic resistance or prototrophy markers flanked by the upstream and downstream sequences of the corresponding genes (Table 1) . JFS989 is a diploid constructed from the strain ALE1000 by matingtype switching. Strain ALE1000 with an intrachromosomal recombination reporter carried the 5Ј-truncated lys2 sequence, and the LEU2 gene has been integrated into chromosome II as a direct repeat with the lys2::HS-D allele, with the following resulting genotype: MAT␣ [lys2::Alu-DIR-LEU2-lys2⌬5Ј] ade5-1 leu2-3 trp1-289 ura3-52 his7-2 (27) . This strain and AMY125 (MAT␣ ade5-1 leu2-3 trp1-289 ura3-52 his7-2) are isogenic (28) . After each transformation, the integration of the marker at the correct locus was confirmed by PCR and the dissection of 20 tetrads of the resulting diploids was carried out to confirm a 2:2 segregation of the marker. The sequences of the primers used for the generation of replacement PCR fragments are available upon request. The haploid strains used in this study (with the exception of mating-type testers and wild-type strains of different origins, used as controls) were haploid spores of hDNP18, hDNP19, hDNP23, and hDNP24 ( Table 2 ). The diploid strains DNP101, DNP102, DNP103, and DNP104 used for chromosome loss measurements and strain JFS989 were isogenic. A detailed description of the construction of these strains is provided in the chromosome loss measurement section in the supplemental material. LCH strains are the haploid derivatives of hDNP23 and hDNP24 strains and were used for replicative-aging experiments.
The strains referred to hereinafter as BER Ϫ contained disruptions of the NTG1, NTG2, and APN1 genes; the strains referred to as NER Ϫ contained a disruption of the RAD1 gene; BER Ϫ
/NER
Ϫ strains contained disruptions of all four genes. The reporter for GCR measurements (9) was constructed by placing the URA3 gene 300 bp upstream of the DSF1 gene on chromosome V at SGD position 19328 and approximately 14 kb from the start of the CAN1 gene, proximal to the telomeric region. Complete genotypes of all the strains are presented in Tables 1 and 2 .
Analysis of chromosomal rearrangements using CHEF gel electrophoresis, array CGH, and Southern analysis. CHEF gel electrophoresis was performed to detect large-scale chromosomal rearrangements as described previously (40) . A detailed characterization of chromosomal rearrangements was carried out by array CGH (31) . Details of these analyses and Southern blot hybridization and references to the Gene Expression Omnibus database are provided in the supplemental material.
RESULTS
The level of genetic instability is elevated in cells harboring chronic unrepaired oxidative DNA damage. To investigate the role of oxidative DNA damage in the induction of genetic instability, we constructed a series of strains with compromised (14) . Thus, biologically relevant, elevated levels of endogenously produced oxidative DNA damage can be achieved when several BER genes are disrupted simultaneously (16) . To exclude the possibility of selection for additional mutations and modifications as a consequence of multiple gene deletions in a haploid background, we consecutively eliminated the excision repair genes and the TSA1 gene in a wild-type diploid strain containing the reporter systems for measuring genetic/genomic instability (see Materials and Methods). We also constructed a standard reporter system (9) via the insertion of the URA3 gene next to CAN1 on chromosome V for measurements of GCR (see Materials and Methods). To obtain haploid strains with multiple mutations, we dissected the resulting heterozygous strain. We have previously demonstrated that in BER Ϫ strains (ntg1⌬ ntg2⌬ apn1⌬ triple mutants) and BER Ϫ /NER Ϫ strains (ntg1⌬ ntg2⌬ apn1⌬ rad1⌬ quadruple mutants) the levels of endogenous oxidative DNA damage are highly elevated and approximately equivalent to a 50% lethal dose (3 mM) of hydrogen peroxide for wild-type cells (16) . Ntg1p and Ntg2p are Nglycosylases, homologous to Escherichia coli endonuclease III (3). These enzymes are involved in the initial steps of BER and provide the major cellular activities for oxidized pyrimidine repair in yeast (59) . Apn1p is the major apurinic-apyrimidinic endonuclease in yeast (43) and accounts for 97% of apurinicapyrimidinic endonuclease and 3Ј-phosphodiesterase activities in yeast cell extracts (6) . Previous studies from our group demonstrated that there are approximately 380 DNA oxidative lesion substrates per genome in BER Ϫ strains and 1,400 DNA lesion substrates per genome in BER Ϫ /NER Ϫ strains grown to mid-log phase (16) .
To assess the genetic instability in strains with elevated levels of oxidative DNA damage, we employed assays allowing for the selection of large-scale chromosome aberrations, as well as a forward mutation assay (utilizing the CAN1 locus) and an assay for intrachromosomal recombination at the LYS2 locus. For the assessment of GCR, we measured the rates of loss of the left arm of chromosome V and whole-chromosome loss (see Materials and Methods). Newly constructed BER Ϫ / NER Ϫ strains exhibited the highest recombination and forward mutation rates, as previously reported by our group for a Unless otherwise indicated, all the strains and JFS989 are isogenic (Materials and Methods) except for changes introduced by transformations or crosses. Only differences from JFS989 are shown. Strains marked with asterisks were used in replicative-aging experiments and are haploid derivatives of hDNP23 and hDNP24.
b Strain DNP59 was used in illegitimate mating experiments as a tester strain. This strain and strain 1225 (MAT␣ his4-15 leu2 thr4 ura3-52 trp1 lys) (31) are isogenic. c Strains DSC025, W303a, BY4741, and S288c were used for the CHEF gel karyotyping experiments as control wild-type strains. Strain DSC025 is the same as SJR751 (51). Strain BY4741 was obtained from Open Biosystems, Huntsville, AL. The full genotypes of these strains and of strains W303a (http://www.yeastgenome.org/) and S288c (39) are shown.
independently constructed strains (Table 3 ) (51). The levels of large-scale rearrangements (as measured by both GCR and chromosome loss assays) in BER Ϫ /NER Ϫ strains were increased dramatically compared to those in wild-type strains (Table 3) . We observed a 55-fold increase for arm loss and an 80-fold increase for chromosome loss in the BER Ϫ /NER Ϫ strains that contained the highest levels of unrepaired oxidative DNA damage (Table 3 ) (16). The synergistic effect of the simultaneous removal of BER and NER on GCR rates indicated that in the absence of BER and NER (i.e., when the level of oxidative DNA damage is extremely high), the handling of such damage by remaining DNA damage management systems leads to CIN. Whole-chromosome loss or the loss of a chromosome arm carrying essential genes in haploid cells is a lethal event. We utilized an illegitimate-mating assay, which allows for the selection of chromosomal aberrations affecting the MAT locus of chromosome III (31) . In contrast to conventional methods for measuring large-scale chromosomal rearrangements, this approach detects whole-chromosome and chromosome arm loss, even when such events are lethal in a haploid cell, by rescuing the cell through mating. Another advantage of this method is that it detects and distinguishes between different types of events (e.g., large-scale aberrations versus small genetic changes, such as point mutations and small deletions) in one specific locus, which minimizes sequence context-dependent differences. The mating of two MAT␣ mating type strains (illegitimate mating) is possible when the mating type locus of one of the strains is mutated, epigenetically inactivated, or physically lost as a result of arm loss, translocation, or chromosome loss. To distinguish among these possibilities, we crossed the MAT␣ haploids with the MAT␣ tester strain, which has both arms of chromosome III marked with recessive mutations (his3 and thr4). In the event that mating occurred as a result of a point mutation or a small deletion in the MAT locus, the resulting diploids would be His ϩ Thr ϩ prototrophs. A diploid with the His ϩ Thr Ϫ phenotype would indicate a nonreciprocal translocation event or the loss of the right arm of chromosome III, whereas the production of His Ϫ Thr Ϫ auxotrophs would indicate the loss of the entire chromosome (see Materials and Methods). Overall, the frequencies of illegitimate mating of strains with compromised DNA repair capacities were three-and sevenfold higher than those of the wild type for BER Ϫ and BER Ϫ /NER Ϫ strains, respectively ( Fig. 1 ). The results of these experiments strongly support the notion that the rates of chromosomal aberrations were highest in the BER Ϫ /NER Ϫ strains (Table 3 and Fig. 1 ). Interestingly, largescale rearrangements in these strains constituted the major class of events leading to illegitimate mating (70% of all events), whereas in all other DNA repair backgrounds tested (wild type, NER Ϫ , and BER Ϫ ), point mutations or small deletions were the predominant events. These results indicate that when the oxidative DNA damage level in the genome exceeds the capacity of DNA excision repair systems (available or compromised), the management of the damage processed by other systems results in the induction of large-scale aberrations (CIN), as opposed to only increases in frequencies of mutations resulting from small-scale sequence changes. Importantly, the disruption of both major pathways (BER and NER) involved in the repair of oxidative DNA damage had a synergistic effect on the rates of GCR (revealed by several different assays) and intrachromosomal recombination, as well as on mutation rates, confirming that the cellular capacity in such strains to handle spontaneous DNA damage properly had been exceeded.
DNA repair and ROS-scavenging pathways interact to suppress large-scale chromosome aberrations. To investigate the capability of cells to maintain genomic integrity under chronic, endogenous oxidative stress, we constructed strains in which mutations in DNA excision repair genes were combined with a deletion of the TSA1 gene. Tsa1p is a peroxiredoxin involved in a Median rates for mutation, recombination, arm loss (GCR), and chromosome loss were determined for 10 to 20 cultures of two independent segregants of the same genotypes described in Materials and Methods. Increases (n-fold) in rates over those for the wild-type strain are indicated in brackets.
b The compromised DNA repair pathway in each strain type is shown; mutated genes are indicated in parentheses.
VOL. (Fig. 2) , revealing strong interactions between these pathways. The tsa1 mutants exhibited extreme sensitivity (greater than that of BER Ϫ mutants) to hydrogen peroxide but were not sensitive to hydroxyurea and methyl methanesulfonate, so it is unlikely that these mutants had significant replication defects (Fig. 3 ). It has also been shown recently that the anaerobic growth of tsa1⌬ strains results in the reduction of GCR rates (44) . Taken together, these data indicate that the levels of endogenous ROS and oxidative DNA damage in BER Ϫ /NER Ϫ tsa1⌬ strains were significantly elevated. Such elevations in ROS levels led to an approximately 1,000-fold increase in GCR rates and an 80-fold increase in recombination rates ( Table 4 ) and indicated that BER, NER, and ROS-scavenging pathways interact to suppress CIN.
Chronic elevation of endogenous DNA damage levels accelerates events leading to chromosomal aberrations in replicative-aging populations of haploid yeast cells. The employment of genetic methods selecting for chromosomal aberrations provides a gauge to estimate the degree of genetic instability (CIN); however, the biological relevance of elevations in the levels of such aberrations is unclear, because these events can be disadvantageous or lethal for the cells in which they occur. . We first characterized the karyotype of each "founder" strain and established 5 to 10 subcultures originating from a single cell in the progeny of the founder. After growth to full-size colonies resulting from multiple divisions of the original single cells, a single colony at each passage for every line was randomly picked and streaked onto a fresh plate containing rich medium. Following every five passages, CHEF gel electrophoresis analysis of genomic DNA from each subculture was performed (Fig. 4A) . Representative images of ethidium bromide-stained gels are shown in Fig. 4B . We compared the chromosomal migration pattern of each cell line at a specific passage number with the migration pattern of the same cell line five passages earlier and scored visible changes in chromosome size. To estimate the rates of rearrangements per cell division ( Ϫ3 . In this example, the number of detected changes (32) is divided by the total number of cell divisions (calculated as the number of colony-forming divisions [25] times the number of passages [15] 
Ϫ /NER Ϫ strains. It should be pointed out that we underestimated the rates of rearrangements because the majority of rearrangements occurring in the largest chromosomes (such as chromosomes XII and IV) result in size differences that cannot be resolved and detected by visual inspection of the CHEF gel. In addition, a frequent observation for BER Ϫ /NER Ϫ and BER Ϫ /NER Ϫ tsa1⌬ strains was that more than one visible change in chromosome sizes had occurred. For example, in one BER Ϫ /NER Ϫ subculture after passaging, the sizes of two chromosomes were changed (see lane 2 for the BER Ϫ /NER Ϫ strains in the bottom panel of Fig. 4B ). This situation was scored as one rearrangement event because the changes in the sizes of two chromosomes may have been caused by a single event (e.g., one reciprocal translocation), although it is possible that such changes were the result of two independent events. In addition, the karyotypes of several fresh BER Ϫ /NER Ϫ , BER Ϫ tsa1⌬, and BER Ϫ /NER Ϫ tsa1⌬ segregants were different from that of the parental diploid even at passage 0 (Table 5) . Such events were not scored in calculations of the rates of rearrangements, because the rearrangement may have occurred during meiosis. Chromosome II is highly susceptible to large-scale rearrangements in strains with elevated levels of oxidative DNA damage. Insight into the mechanisms of genome destabilization caused by the presence of unrepaired DNA damage can be deduced from the analysis of recurrent patterns of chromosome rearrangements. An analysis of large-scale chromosomal rearrangements by CHEF gel karyotyping of replicative-aging cells revealed that chromosome II is highly unstable in cells with compromised DNA excision repair and/or ROS-scavenging capacities (Table 6 ). Changes in the size of chromosome II occurred more often than, for example, those in chromosome III even though the CHEF gel size resolution capability was greater for chromosome III than for chromosome II due to size differences. Of 86 chromosome changes observed in our experiments, 39 involved chromosome II. Surprisingly, both decreases and increases in chromosome II size were observed (Fig. 5A) . Chromosome II in strain LCH 89 was smaller than that in the wild-type strain, whereas that in strain LCH 611 was larger. These observations indicate that growth in rich medium does not impose selective pressure for the loss or amplification of the particular segment of DNA conferring a cell survival advantage or disadvantage. Therefore, the elevated frequency of aberrations reflects the extreme susceptibility of one particular genomic region to CIN. These results provide evidence 
Mapping rearrangements at the chromosome II CIN hot spot and analysis of the type of rearrangements by CGH.
The decreased mobility of a chromosome as revealed by CHEF gel analysis can result from the amplification of a part of the chromosome, as well as from reciprocal or nonreciprocal translocation events. Similarly, increased mobility (decreased size of a chromosome) is indicative of a large deletion or translocation. To reveal the precise types of chromosome II rearrangements, we performed CGH analysis of the representative lineages from different genetic backgrounds.
We utilized CGH as a high-resolution, high-sensitivity technique for the localization and characterization of the breakpoints of chromosomal rearrangements (42) . Strains with compromised DNA excision repair pathways (BER Ϫ , NER Ϫ , and BER Ϫ /NER Ϫ strains) and/or ROS-scavenging capacities (tsa1⌬ strains) in which changes in the size of chromosome II had been detected by CHEF gel analysis were subjected to CGH analysis. As expected, a decrease in the mobility of chromosome II corresponded to the amplification of a segment of the DNA on this chromosome and an increase in mobility corresponded to the deletion of a DNA segment (Fig. 5B) . CGH analysis (see the supplemental material) also revealed that the breakpoints of rearrangements were clustered within a particular region on chromosome II (Fig. 5B and C) . As indicated in the annotated SGD sequence, this DNA segment comprises a 30-kb region in close proximity to the chromosome II centromere and contains several repetitive retrotransposon sequences (YBLCdelta7, YBLWsigma1, YBLWdelta8, and YBLWTy1-1). Although it has been previously reported by several groups that these types of repetitive sequences are hot spots for chromosome rearrangements (reviewed in reference 38), only a subset of the breakpoints of deletions and amplifications identified in our study were located within such repet- (20) 8 (20) 11 (19) 13 (19) 32 (58) 14.7 tsa1 0 (10) 3 (10) 4 (10) 0 (9) 7 (29) 6.4 NER Ϫ tsa1 0 (10) 3 (10) 3 (10) 1 (9) 7 (29) 6.4 BER Ϫ tsa1 3 (10) 3 (10) 5 (8) 1 (9) 9 (27) 8.9 BER Ϫ /NER Ϫ tsa1 8 (20) 9 (20) 6 (20) 6 (16) 21 (56) 10.0 a Compromised DNA excision repair pathways and TSA1 backgrounds are shown. The genes that were mutated to disable each DNA repair pathway are the same as those listed in Table 3 .
b Number of lineages of the indicated genotype in which changes in the sizes of different chromosomes were detected by the separation of the genomic DNA by CHEF gel electrophoresis as described in Materials and Methods.
c The rates of rearrangements were calculated as described in the text (see Results). a Compromised DNA excision repair pathways and TSA1 backgrounds are shown. The genes that were mutated to disable each DNA repair pathway are the same as those listed in Table 3 .
b Total number of lineages of the indicated genotype analyzed by CHEF gel electrophoresis as described in Materials and Methods. c Number of lineages of the indicated genotype in which changes in the sizes of different chromosomes were detected by the separation of the genomic DNA by CHEF gel electrophoresis as described in Materials and Methods.
d Number of lineages of the indicated genotype in which changes in the size of chromosome II were detected by the separation of the genomic DNA by CHEF gel electrophoresis as described in Materials and Methods. The percentage of changes in the size of chromosome II relative to the changes in the sizes of all chromosomes analyzed is indicated in parentheses.
e Number of lineages of the indicated genotype in which changes in the size of chromosome III were detected by the separation of the genomic DNA by CHEF gel electrophoresis as described in Materials and Methods. The percentage of changes in the size of chromosome III relative to the changes in the sizes of all chromosomes analyzed is indicated in parentheses. (Fig. 5C ). This finding suggests that the nature of DNA damage contained within a particular segment of DNA or the chromosome context of the DNA damage determines the type of rearrangement resulting in CIN. Thus, it is not unexpected that some of the resulting "signature" rearrangements on chromosome II in strains harboring chronic, oxidative DNA damage differed from those observed on chromosome III caused by decreased levels of DNA polymerases (31) . A naturally occurring duplication of chromosome II in the parental diploid strain is an informative reporter system for CIN. In our characterization of the breakpoints of rearrange- Table 1. 5440 DEGTYAREVA ET AL. MOL. CELL. BIOL.
ments, we found that in our parental heterozygous diploid hDNP223 and our wild-type haploid strain snd701, the segment of DNA between YBLCdelta7 and YBLWsigma1 was larger than annotated in the SGD (http://www.yeastgenome .org/) and contained a sequence highly homologous to YBLWdelta10, YBLWdelta12, YBLWdelta8, and YBLWdelta9 (data not shown). In some strains with the S288c background, there is a Ty element located near YBLCdelta7 in the Watson orientation (J. L. Argueso, personal communication), and it is likely that our strain contained this Ty element. Furthermore, chromosome II in our parental heterozygous diploid hDNP223 and wild-type strain snd701 was larger than chromosome II in several other previously described wild-type strains, e.g., S288C, W303, BY4147, and DSC025 (Fig. 6A) . CGH analysis comparing the hDNP223 diploid with the W303 haploid indicated that the diploid had a duplication of an approximately 30-kb segment on the left side of chromosome II (between the Ty element near YBLCdelta7 and YBLWTy1-1) and a duplication of a smaller region on the right side of the centromere (between YBR009C and YBRCdelta14). Southern blot hybridization utilizing a probe specific for the HIR1 locus (located within the 30-kb duplication on chromosome II) confirmed that hDNP223 had two copies of this gene on each chromosome II and that S288c and W303 each had only one copy (Fig.  6B) . We also found that in the isolates that had acquired a deletion on chromosome II (isolates LCH 89, LCH 270, and LCH 279), this duplication was lost (Fig. 5C ). This finding was further confirmed by measurements of the density of the HIR1 probe relative to that of a reference probe (CSM1 locus) for chromosome III (Fig. 6B) . Taken together, these results indicate that the wild-type strain employed in these studies contained a duplication of segments of chromosome II. The presence of these duplicated regions allows the detection of rearrangements that involve the deletion of essential genes and provides an informative tool for characterizing otherwise undetectable rearrangements in haploid strains. Future experiments involving the analysis of the specific DNA sequences of the breakpoints of the strains with rearrangements of chromosome II should provide a more detailed understanding of the precise nature of the molecular events leading to aberrations in cells harboring chronic, oxidative DNA damage.
DISCUSSION
"CIN" is a term used to describe a form of genetic instability (32) commonly acquired by cancer cells (23) . Unlike the genetic instability caused by the inactivation of the mismatch repair system and manifested as microsatellite instability, CIN is defined as genome instability characterized by large-scale chromosome rearrangements. CIN is the predominant type of genetic instability found in human malignancies (see the Mitelman Database of Chromosome Aberrations in Cancer [http: //cgap.nci.nih.gov/Chromosomes/Mitelman]), and approximately 85% of human solid tumors exhibit CIN (45) . Experimental results together with mathematical modeling approaches suggest that CIN can dramatically accelerate carcinogenesis (37, 48) . The molecular mechanisms underlying CIN in tumors are not entirely clear. Several proposed mechanisms leading to CIN include (i) mutation-driven defects in mitotic chromosome segregation (15, 26) and DNA double-strand break repair (57); (ii) telomere shortening and subsequent chromosome end fusion, as well as sister-chromatid fusions, leading to recurring genome destabilization (13, 55) ; and (iii) the induction of rearrangements by DNA sequences containing "at-risk" motifs (ARMs) (21) . ARMs include repetitive sequences that can adopt secondary structures, such as long inverted repeats (35) , triplet repeats (5), and clusters of tRNA genes (1), as well as minisatellites (11) . Genome destabilization by ARMs is exacerbated by events that slow down or block replication fork progression, by the corruption of checkpoint functions, and by defects in DNA double-strand break repair (1, 12) . The specific types of chromosomal rearrangements are determined by the DNA sequence context of such motifs within the genome (40) . The studies reported here demonstrate that exceeding the capacity of repair systems to remove oxidative DNA damage causes large-scale chromosomal rearrangements at a remarkably high frequency under nonselective growth conditions and represents a novel mechanism leading to CIN. Elevated levels of unrepaired oxidative DNA damage are a driving force for CIN. Although it has been shown previously that the corruption of the two major DNA excision repair pathways, BER and NER, has a synergistic effect on increasing mutation and recombination rates (51), we have demonstrated for the first time that the rate of large-scale genome rearrangements (arm loss and chromosome loss) is synergistically increased in BER-and NER-defective strains (Table 3 ). In addition, the results from illegitimate-mating assays of these strains revealed a novel gain-of-CIN phenotype. Unlike other assays designed to detect a single, specific type of mutational event (such as chromosome loss, arm loss, recombination, or point mutations), the illegitimate-mating assay has the advantage of revealing all types of events leading to the inactivation of one specific chromosomal locus. In addition, it allows for distinguishing between small genomic changes (mutations and small deletions) and large-scale aberrations. An acquisition of the gain-of-CIN phenotype is strongly supported by the fact that combined frequencies of GCR (arm loss and chromosome loss) causing illegitimate mating were higher than the frequencies of small genetic changes leading to the inactivation of the MAT locus (Fig. 1) . These results suggest that when the oxidative DNA damage level in the genome exceeds the capacity of the available major excision repair systems (BER and NER), DNA damage management is accommodated by other pathways that directly contribute to a large-scale mutator phenotype and genome destabilization.
The major source of oxidative DNA damage in BER-and NER-defective strains is endogenously produced ROS (16, 47) . Endogenous ROS are generated as by-products of cellular metabolism or as signaling molecules (reviewed in reference 18). The extent of oxidative damage caused by endogenous and exogenous ROS is estimated to be in the order of 10,000 modifications per cell per day for the mammalian genome (34) . Elevated levels of endogenous ROS are also a typical feature of malignant cells (53) . An important insight into the role of ROS in the oncogenic transformation of cells is the recent finding that the activation of certain oncogenes leads to increased ROS and DNA damage (7, 54) . It is important to emphasize the advantage of employing BER-and NER-defective yeast cells in our studies. Such cells exhibit substantially elevated levels of intracellular ROS (16) , which facilitates addressing the role of ROS in the induction of CIN.
To further delineate the role of ROS in genome destabilization, we constructed strains in which the ability of the cells to prevent oxidative DNA damage was further compromised by the disruption of the TSA1 gene. Tsa1p, a thioredoxin, is an antioxidative stress protein and is thought to prevent oxidative DNA damage and GCR by direct scavenging of ROS (24, 44) . The impairment of both DNA excision repair pathways and Tsa1p-mediated ROS scavenging led to severe growth defects (Fig. 2) , indicating interactions between the repair and scavenging pathways. At the same time, the effect of tsa1⌬ on GCR was additive (Table 4 ). These findings suggest that although Tsa1p contributes to the prevention of DNA damage caused by endogenous ROS, it may also mediate other functions, such as the prevention of oxidative damage of proteins involved in genome maintenance.
Chronic, unrepaired DNA damage induces CIN, resulting in karyotypic diversity in nonselective growth environments. Large-scale chromosomal rearrangements are extremely rare events in normal (wild-type) cells, because eukaryotic as well as prokaryotic organisms have evolved multiple strategies for preventing genomic instability. The major, potentially deleterious consequences of increased CIN in dividing cell populations of multicellular organisms are not mutations or DNA rearrangements that lead to cell death but the acquisition of genetic features that enable escape from cell cycle checkpoint controls. Checkpoint surveillance systems would normally arrest cell cycle progression as soon as an excessive amount of DNA damage was sensed. Escaping such controls would confer a selective advantage for uncontrolled growth and further genetic changes. Sophisticated selective systems for the detection of certain types of rare, large-scale genomic rearrangements have been designed for model organisms, including yeast, and have been instrumental in the search for and identification of genes responsible for protecting cells from GCR (29, 50) . For example, a standard system for the detection of GCR in yeast measures chromosome V arm loss and is sensitive enough to detect events occurring at frequencies of less than 10 Ϫ9 (9). However, such selective assays for large-scale rearrangements do not reveal the biological relevance of these rare events and are limited to selection for a specific event under stringent conditions involving the context of particular chromosomes, specific DNA loci, and other features of the systems enabling the detection of the event of interest. Our results demonstrate that even under nonselective conditions, the burden of chronic, unrepaired oxidative DNA damage destabilizes the yeast genome at remarkably high frequencies, causing CIN as revealed by significant changes in chromosome sizes, and is indicative of profound karyotypic diversification. In yeast strains harboring the highest levels of oxidative damage (BER Ϫ /NER Ϫ and BER Ϫ /NER Ϫ tsa1 strains), the absolute rates of changes in the sizes of yeast chromosomes were as high as 1 event per 1,000 cell divisions (Table 5) . If similar rearrangements occur with comparable frequencies in aberrant human cell populations in an environment of elevated ROS levels (for example, in colonic epithelial cells under conditions of chronic inflammation), there is a high probability that populations of cells with diversified karyotypes will include subpopulations which have acquired growth or survival advantages. those in wild-type cells. The same 10-fold increase in mutation rates at the Hprt locus in Msh2-deficient mouse embryonic fibroblasts has been observed previously in studies of mutation rates in a mouse model of hereditary nonpolyposis colon cancer (46) . Our findings strongly support the idea that even a moderate increase in CIN driven by oxidative DNA damage in a nonselective growth environment may trigger or promote tumorigenesis. The CIN hot spot on chromosome II provides a novel system for revealing the molecular mechanisms leading to chromosome aberrations. ARMs have been shown to induce GCR. A common element of ARM-induced rearrangements is replication fork stalling as a result of the extrusion of DNA secondary structures and/or the involvement of specialized nucleases capable of the recognition and removal of such structures (reviewed in reference 22). We discovered a segment of chromosome II that is a hot spot for CIN in our genetic background because chromosome II had a 30-kb duplication. The changes in the size of chromosome II caused by the amplification or deletion of this segment under nonselective growth conditions were observed at remarkably elevated frequencies compared to those of changes in the sizes of the other chromosomes (Table 6) . If the deletions and duplications occurred by unequal crossing over between the copies of a tandemly duplicated 30-kb segment, one would expect that all of the deletions and duplications would have the same breakpoints and that the deletion chromosome would be 30-kb smaller and the duplication chromosome would be 30-kb larger than the original chromosome II. Unlike the previously described rearrangements initiated or mediated by ARMs, the mapped boundaries of rearrangements (deletions and amplifications) within this hot spot were not exclusively associated with repetitive sequences (Fig. 5) . One explanation of these findings is that the two copies of the 30-kb duplicated segment in the starting FIG. 7 . Model for formation of the hot spot of large-scale rearrangements on chromosome II. Two consecutive recombination events lead to the duplication of a chromosome II segment on both sides of the centromere. (I) An unequal crossing over between an unannotated delta element (deltaX; red horizontal boxed arrow) located on the left arm of chromosome II and homologous delta14, located on the right arm of chromosome II, yields an unstable dicentric chromosome. (II) Nonhomologous end joining between YBR009C and delta10 removes one of the centromeres (black circles) and stabilizes the chromosome. The deletion of the left-side centromere (gray zigzag arrows in event I diagram) produces a tandem duplication of segment A residing on one side of the centromere. Rearrangements involving such repeats would always result in the deletion or amplification of segment C, and the breakpoint of rearrangements would be located within repetitive elements. Mapping of the breakpoint of rearrangements within nonrepetitive sequences (e.g., for isolates LCH 270 and LCH 279) (Fig. 5C ) provides strong support that the hot spot of rearrangements is a consequence of the deletion of the right-side centromere (black zigzag arrows in event II diagram), which results in the product shown in the blue rectangle. Repetitive elements are shown as black boxed arrows. (Fig. 7) . Such a strain could be produced by two consecutive recombination events. First, an unequal crossover between the unannotated Ty element near YBLCdelta7 and YBRCdelta14 would produce a large tandem repeat and a presumably unstable dicentric chromosome. The second event would be a deletion between YBR009C and YBLWdelta10 by nonhomologous end joining; such a deletion would remove the right-side centromere, stabilizing the chromosome, and result in the 30-kb duplication regions on opposite sides of the remaining centromere. We suggest that the oxidative damage-induced chromosome rearrangements may reflect an unequal crossover between these regions, resulting in a dicentric chromosome and an acentric fragment. The breakage of the dicentric chromosome, followed by deletion on one of the two centromeres, would result in the deletions and duplications observed in our study. These deletions may occur by homologous recombination involving the retrotransposon elements or by nonhomologous end joining. The latter class of event would not occur within repetitive elements. Testing this model is the goal of future experiments. It should also be pointed out that meiotic recombination events occurring between retrotransposons on opposite sides of the centromere of chromosome II have been observed previously (33) . The discovery of a duplication of a segment of chromosome II in our wild-type strains facilitated defining the events leading to oxidative DNA damage-driven CIN that would not be possible to detect using other experimental systems. If the level of unrepaired DNA damage was elevated in regions of DNA containing essential genes, high frequencies of DNA strand breaks would lead to cell death and would be undetected under selective and nonselective growth conditions. The biological relevancy of such events may be highly significant if the damage occurs in nonessential genes, which comprise one-third of the yeast genome as well as vast regions of noncoding sequences in mammalian genomes (19) .
Implications for understanding the molecular mechanisms of CIN, its role in tumorigenesis, and potential therapeutic outcomes. In this study, we have demonstrated that exceeding the cellular capacity to appropriately manage chronic, oxidative DNA damage results in a new gain-of-CIN phenotype.
Even though the precise role of CIN in tumorigenesis is still an issue of considerable debate, there is little doubt that the induction of large-scale genome rearrangements may facilitate the amplification of oncogenes and the deletion of tumor suppressor genes via the loss of heterozygosity, as well as the alteration of the transcriptional regulation of genes. Chronic exposure to oxidative DNA damage as a result of chronic inflammation events or exposure to exogenous ROS correlates with an increased risk of cancer (10) . Our findings suggest that such increased risk may be caused by a gain-of-CIN phenotype, as revealed in this yeast model system. Although the link between defects in the repair of oxidative DNA damage and human disease states has been elusive, a recent finding implicating defects in the adenine DNA glycosylase gene MUTYH in human hereditary colon cancers demonstrates the important role of protection against oxidative damage in tumorigenesis (2, 8, 17) . This issue is underscored by the recent finding that p53 null mice are defective in the expression of redox-regulating peroxiredoxins, resulting in increased levels of ROS (7, 30), which implies that p53 Ϫ/Ϫ cells may be even more prone than wild-type cells to developing CIN when exposed to DNAdamaging agents.
